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Impinging jets may be used to achieve enhanced local heat 
transfer for convective heating, cooling, or drying. The issuing 
jet may contact the surface normally or obliquely. Factors such 
as jet attachment, surface angle, jet angle, separation distance 
between jet orifice and surface of impingement, and trajectory 
influence heat transfer dramatically. This study addresses the 
thermal problem of jet impingement on an inclined surface. 
This investigation is motivated by the practical application of 
air jets issuing out of a defroster's nozzles and impinging on the 
inclined windshield surface of a vehicle. Effect of incoming 
fluid velocity, angle that the inclined surface makes with the 
horizontal plane and angle of impinging jet on heat transfer will 
be examined. The results are correlated in terms of governing 
dimensionless parameters. The end-result will be a 
numerically- based correlation that is capable of predicting heat 
transfer on an inclined surface subject to impinging airflow. 
 




Impinging jets are an established technique for obtaining 
high local heat transfer coefficients between a fluid and a 
surface. Impinging jets may be used to achieve enhanced local 
coefficients for convective heating, cooling, or drying. 
Applications include tempering of glass plates, annealing of 
metal sheets, drying of textile and paper products, electronics 
cooling, cooling of heated components in gas turbine engines, 
deicing and defogging of automotive windshields, to name a 
few. In many of these applications, the temperature distribution 
resulting from the jet interaction with the inclined plane, and 
the trajectory and the physical path of the jet are critical design 
parameters. ttps://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use 
In the current study, the specific application of interest is 
air issuing from the defroster’s nozzles of a vehicle and 
impinging on a glass windshield. The nozzle outlet must be 
capable of generating an airflow that disperses over the inner 
surface of the windshield and produces efficient heat transfer. 
The performance of the defroster’s flow affects its effectiveness 
in defrosting ice on the external surface and removing fog 
internally. In lieu of ad-hoc testing, various factors can be 
examined for optimizing this system’s performance and that 
can be done numerically. Typically, extensive testing on vehicle 
systems and components would generally meet specific 
customer requirements. However, utilizing Computational 
Fluid Dynamics (CFD) tools, a designer can predict the 
performance of a system and optimize its objectives cost-
effectively. 
The purpose of this study is to achieve enhanced heat 
transfer on a vehicle windshield by varying configurations of 
windshield and diffuser air impingement on the windshield. Air 
distribution within the cabin will also be featured. The study 
involves three rectangular openings and different angles of 
windshield (30, 40 and 50 deg.). The angle of impingement of 
air on the windshield has also been varied. 
Figure 1 illustrates the general schematic of the model with 
three rectangular openings. The external geometry is the same 
in all cases. However, changes in the angle of the inclined 
surface, angle of the incoming fluid, and fluid velocity are 
studied. Figure 2 illustrates the orientations of the jet in the XY 
and YZ planes. 
A summary of the aforementioned combinations is 
presented in Table 1.  It is worth noting that this study is not 
restricted to the windshield scenario but can rather be 
generalizeable to the thermal problem of jets impinging on an 



















































Length of inclined surface, L 1.447 m 
Width of inclined surface, H1 0.791 m 
Depth of the compartment, h2 0.8 m 
Width of front dash board, d7 0.685 m 
Surface inclination angle, θ 30, 40 and 50 deg. 
Top and bottom widths of 
compartment, tc, bc 1.5 m 
Jet angle, φ (in x-y plane with 
the inclined surface) 
30 to 90 deg. in increments 
of 10 deg.  
Maximum Jet angle, φmax 90 deg. 
Sweep angle, β (in y-z plane)  90, 85, 75, 65, 55, 45, 35 deg. 
Line a z = 0.4395 m 
Line b z = 0.7235 m 
Line c z = 1.0075 m 
φ 
φmax 





Vertical from nozzle 
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DowTable 1: Outline of the different combinations for three 
openings 







30, 40 and 50 30, 40, 50, 60, 70, 80, 90 
90, 85, 75, 
65, 55, 45, 35 
NOMENCLATURE 
Ci coefficients 
E specific enthalpy 
k Turbulent kinetic energy 
Lε Characteristic length 
p Static pressure 
Pr Prandtl number 
Sij Mean strain tensor 
t time 
T Temperature 
Tu Turbulence level 
ui Cartesian velocity component 
uτ Wall shear velocity 
xi Spatial coordinates 
ε Dissipation rate of turbulent kinetic energy 
µ Viscosity 
µt Eddy viscosity 
ρ Density 
τij Stress tensor 
δij Kronecker delta 
D Hydraulic diameter of one opening 
H Vertical height from the center of the nozzle exit to the inclined surface 
θ Surface inclination angle 
φ Angle of impinging air in the XY plane 
β Angle of impinging air in the YZ plane 
Re Reynolds number 





in Inlet (at nozzle exit) 




The location of inlet and outlet openings are detailed in 
figures 3 and 4.  Other relevant and geometrical dimensions 
are also highlighted (not to scale).   












Length of inclined surface, L 1.447 m 
Width of nozzle exit plane, d1, d3, d5 0.161 m 
Distance between openings, s1, s2 0.161 m 
Length of nozzle exit plane, h 0.019 m 
Width of dash board, d7 0.685 m 
Location of nozzle, d6 0.134 m 
 











Distance between outlets - rear, sr 0.891 m 
Width of rear dash board, dr4 0.45 m 
Width of outlet - rear, dr1, dr2 0.141 m 
Length of outlet - rear, hr 0.039 m 
Location of outlet - rear, dr3 0.140 m 
Figure 4. Rear outlets and relevant dimensions. 
 
LITERATURE REVIEW 
Sparrow and Lovell [1] observed that the point of 
maximum mass transfer was displaced from the geometric 
impingement point, with the extent of the displacement 
increasing with greater jet inclination for an obliquely 
impinging circular jet on a surface. 
Goldstein and Franchett [2] conducted experiments on a 
flat surface subject to an oblique impinging jet and indicated a 
displacement of the peak heat transfer from the geometric 
center of the jet origin, the displacement being a function 
primarily of impingement angle. 
Mohanty and Tawfek [3] carried out heat transfer 
measurements from an isothermal plate due to an impinging 
air jet and estimated local heat transfer rates from the outputs 
of three-wire differential thermocouple heat flux sensors. The 
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Downloheat transfer was reported to decay exponentially with radial 
distance from the highest value at the impingement point. 
Lee et al. [4] measured local heat transfer for a turbulent 
submerged air jet issuing, normal to a heated flat plate, from 
an elliptical nozzle with an aspect ratio of 2.14. The 
temperature on the heated plate surface was measured using a 
thermochromic liquid crystal and a digital image processing 
system. For some configurations, the investigators noted 
second and third maxima for Nusselt numbers. 
Huang and El-Genk [5] investigated the heat transfer 
between a uniformly heated flat plate and an impinging air jet 
experimentally, particularly for small values of Reynolds 
number and jet spacing and developed a heat transfer 
correlation, which extends the existing database to Reynolds 
number and jet spacing values as low as 6000 and one jet 
diameter, respectively. 
Bernard et al. [6] used different experimental techniques 
to describe the flow pattern generated by fifteen jets 
impinging on a plane wall. The authors reported that the 
spreading over method revealed the jet influence on the 
impinged surface, particularly reattachment and detachment 
lines. Laser sheet visualizations were reported to show 
complex vortical structures such as the ground vortex and 
secondary rolling-ups near the target plate were deduced. 
Roy et al. [7] conducted an experimental and numerical 
study of heat transfer off an inclined surface subject to an 
impinging airflow. The experimental setup consisted of a 
heating pad centrally placed on the external surface of a 
vehicle windshield. The authors validated the numerical 
results with experimental data, compared the predicted local 
and average heat transfer coefficients to the experimental 
results and studied the effect of three different turbulence 
intensity levels. 
Roy and Patel [8] studied further the dominant fluid-
thermal characteristics of a pair of rectangular air jets 
impinging on an inclined surface. The authors presented a 
correlation between stagnation Nusselt number and Reynolds 
number and reported the effect of jet impingement angle on 
local and average Nusselt number. Finally, the authors 
documented a correlation between average Nusselt number, 
nozzle exit Reynolds number and jet angle. 
The paper by Roy and Patel [8] dealt with two rectangular 
openings whereas the current paper deals with three 
rectangular openings and the numerical correlation provided 
in the current paper addresses additional jet angles (ϕ and β) 
affecting heat transfer and presents Nu as a power function of 





aded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of UsCOMPUTATIONAL MODELING 
This computational study has been conducted using 
Fluent [9], a finite-volume code. The RNG based k-ε 
turbulence model has been utilized for simulations. The use of 
this turbulence model was based on having provided good 
correlation with the experimental results when used in earlier 
studies [7 and 8]. 
The inclined surface is considered to be made of glass 
whereas air is the continuum. The thermophysical properties 
used in the numerical simulations are shown in Table 2. 
Table 2. Properties used in the simulations 
 Air Glass 
Density (kg/m3) 1.225 2500 
Specific heat (J/kg-K) 1006.43 750 
Thermal Conductivity (W/m-K) 0.0242 1.4 
Viscosity (kg/m-sec) 1.7894 x 10-5  
The three-dimensional steady-state incompressible Navier-
Stokes equations may be written as  







∂      (1) 
Momentum equation: 
 



















∂   (2) 
Energy equation: 
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There are several methods for turbulent flow simulation 
to numerically close the product of fluctuating components of 
state variables in (1) – (3). One such RNG based standard k - ε 
turbulence model of Yakhot and Orszag [10] contains the 
following two equations, one for turbulence kinetic energy k 
and the other for its dissipation rate ε, respectively.  
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In the equations (4) and (5), the left hand side shows the 
diffusion and generation terms and the right hand side 







= µµ where Cµ = 0.0845 (Lam [11]). 
The standard coefficients are C1ε = 1.42 and C2ε = 1.68. 
 
The turbulent viscosity is not a fluid property, but rather a 
property of the flow field. Its value is added to the molecular 
viscosity and yields an effective viscosity, µeff, which is used 
in the computational model. The k and ε at the inlet are 
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The solution is declared converged when the maximum 
residual for each of the state variables is smaller than a 
convergence criterion of ∈. The convergence of a solution 
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The convergence criterion selected is 10-3 for continuity, 
momentum, k, and ε and 10-6 for the energy equation. 
 
BOUNDARY CONDITIONS 
All walls except the inclined plane were considered as 
adiabatic. A heat flux of 350 W/m2 was applied on the inclined 
surface. Uniform air velocity profile at 293 K exiting from the 
openings was considered to impinge on the inclined plane. A 
turbulence intensity of 10 % was used at the inlet. Reynolds 
number was varied from 2.71x 105 to 1.62 x 106 where the 
width of the inclined surface (H1 = 0.791 m) has been 
considered as characteristic length for Reynolds number 
calculations. The angle of impinging air has been varied both 
in the XY (φ) and YZ (β) planes. The outlets have been 
considered as pressure outlet with a zero gauge pressure 
(exiting to the ambient). As this is a viscous flow, the no-slip  
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Use:boundary condition is enforced at walls by default. The shear 
stress and heat transfer between the fluid and wall are 
computed based on the flow details in the local flow field. 
Wall-functions are a collection of semi-empirical formulas 
that in effect bridge the viscosity-affected region between the 
wall and the fully turbulent region. Standard wall functions 
used in this numerical study are based on those found in 
Launder and Spalding [12]. The wall function approach is 
popular because it is economical, robust and reasonably 
accurate. The pressure-velocity linking and the convection-
diffusion terms linking are achieved by the SIMPLE 
algorithm. More information on this algorithm can be found in 
the FLUENT [9] user manual. 
A change in the inclined surface angle is reflected in a 
change in the vertical height from the center of the nozzle exit 
to the inclined surface.  Along with the hydraulic diameter of 
one opening, it constitutes a dimensionless number of interest, 
H/D. For a hydraulic diameter (D) of 0.034 m, (H/D) takes on 
the values of 2.12, 3.07, and 4.37 for inclined surface angles 
of 30, 40, and 50 degrees, respectively.  
 
GRID INDEPENDENCE 
The computational domain was discretized into 
tetrahedral finite volumes using the commercial modeler and 
mesh generator, Gambit [13]. 
Analysis was performed on the data to find out the effect 
of surface temperature Ts on the heat transfer coefficient, h 
and to decide the accuracy required for grid independence 
studies. A surface temperature (Ts) of 310 K is considered as a 
reference with a heat flux of 350 W/m2 and T∞ of 293 K. 
Optimal grid sizes have been established based on this 
study. A change of ± 1 K from a Ts of 310 K results in 
approximately 5% change in h. Therefore, the optimal grid 
size is selected if temperature changes between subsequent 
grid sizes is within 1 K. The grid size was increased from 
100,000 cells and increased in steps of 50,000 cells until the 
change in Ts with successive grid size is within 1 K at eight 
points (p1 through p8), as shown in Figure 5 at a y of 0.2 m 
along L. The points p1 through p8 were at z = 1.247, 1.147, 
1.0, 0.8, 0.6, 0.45, 0.3 and 0.2 m respectively on the inclined 
surface. This grid independence study is for the case of 30 
degree inclined surface angle (θ = 30°). Similar studies have 
been conducted for all other angles. The maximum 
temperature change along the eight points in the case 
presented is 0.41 K with the subsequent grid size (352508 
cells and 300645 cells). The inlet conditions for the grid 
independence study presented were uniform velocity profiles 
based on a Re = 5.42 x 105 with φ = 60° and β = 90°. 5 Copyright © 2003 by ASME 
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Figure 5. Difference in temperature at locations p1 through p8 
for different grid sizes (θ = 30°, φ = 60° and β = 90°). 
 
RESULTS 
As an illustration of the issuing jet flow and its interaction 
with the inclined surface, figure 6 describes how each jet 
creates a pair of counter rotating vortices in the crosswise 
direction. The jet spreads more due to these bound vortices, 
covering a larger cross-section. This is the result of the bound 
vortices being confined in a smaller space, inducing larger 
crosswise components of velocity and thus aiding the spread 
of the jet. The flow emerging from the nozzle is subjected to 
bending due to the impingement, thus reducing the effect of 




Figure 6. Velocity vectors at the inlet demonstrating counter 
rotating vortices – Re = 1.62 x 106, θ = 30°, φ = 60°, β = 90°. 
 
Through simulations, it was found that the angle β has a 
profound effect on overall heat exchange between the surface 
and the fluid. The following figures feature air issuing from 
p5 
p4 p3 p2 p1 p7 p6 p8
z
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= 75°.  
Figure 7 describes the velocity vectors along 4 planes (z = 
0.40, z = 0.56, z = 0.72 and z = 1.05 m). The jet after 




Figure 7. Velocity vectors along four planes – Re = 1.62 x 106, 
θ = 30°, φ = 60°, β = 75°. 
 
Significant portion of the incoming fluid attaches to the 
inclined surface and moves upward, eventually going 
downstream. This creates recirculation with complex vortex 




Figure 8. Velocity vectors along z = 1.05 m demonstrating 
recirculation – Re = 1.62 x 106, θ = 30°, φ = 60°, β = 75°. 
 
Figure 9 illustrates the path lines from the inlet to the 
outlet colored by velocity magnitude. Each jet creates a 
stagnation zone about the impingement location, and then 
spreads in all directions attaching the wall. The temperature 
contours shown (Figure 10) indicate that the lowest 6 Copyright © 2003 by ASME 
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Downlotemperature is at the stagnation region where the jet impinges 




Figure 9. Path lines colored by velocity magnitude – Re = 





Figure 10. Temperature contours on the inclined surface – Re 
= 1.62 x 106, θ = 30°, φ = 60°, β = 75°. 
 
Heat transfer decreases as we move upward along the 
inclined surface from the point of impingement. The heat 
transfer decreases in the region after the point of impingement 
as the boundary layer thickness increases. The temperature 
and velocity gradients are very high in this region (boundary 
layer). 
The minimum temperature on the inclined surface is near 
the jet impingement area and the temperature is higher below 
the jet impingement area. This is due to the inclination of the 
surface and the most of the fluid after impingement moves 
upward resulting in lesser temperatures around and above the 
jet impingement point. As the area downstream of the jet  
aded From: https://proceedings.asmedigitalcollection.asme.org on 06/28/2019 Terms of Usimpingement point sees lesser amount of fluid, the heat 
transfer is low resulting in higher temperatures below the jet 
impingement point. Local and average surface heat transfer 
coefficients have been calculated on the inclined surface. An 
area weighted average of surface heat transfer coefficient is 
calculated for each case and used for computations. The area-
weighted average of a quantity is computed in Fluent by 
dividing the summation of the product of the selected field 
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Figure 11. Surface heat transfer coefficient along lines a, b 
and c on the inclined surface (Re = 1.62 x 106, θ = 30°, φ = 
60°, β = 75°). 
 
Based on the overall features of the numerical 
simulations, the average heat transfer coefficient increases as 
the H/D ratio decreases or as θ decreases. This is because the 
inclined surface sees more of the potential core as the H/D 
ratio decreases. In addition, at lower H/D ratios, the free jet 
region is small. With increasing distance from the nozzle exit, 
the momentum exchange between the jet and the ambient 
causes the free boundary of the jet to broaden and the 
potential core (within which the uniform nozzle exit velocity 
is retained) to contract. Downstream of the potential core, the 
velocity profile is non-uniform over the entire jet cross section 
and the maximum (center) velocity decreases with increasing 
distance (H/D ratio) from the nozzle exit. 
 
CURVE FIT CORRELATION 
In totality, eight hundred and eighty two simulations were 
performed covering a range of Reynolds number, a range of 
inclined surface angle, a range of issuing jet angle, and a 
range of sweep angles.  In an effort to come up with a 
correlation that absorbs the variation of these parameters on 
their effect on heat transfer, the method of least squares was 
used to develop a correlation and obtain a relationship of the 
form: 
 Nu α Rea Prb (H/D)c φd βe. 7 Copyright © 2003 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
 
DownA multi-dimensional curve fit program was written in 
Matlab and produced the following relation:  
Nu = 1.2116 Re0.4624 Pr0.33 (H/D)-0.0488 φ0.0956 β0.1712 
 
Or in terms of the angle, θ: 
Nu = 1.1202 Re0.4624 Pr0.33 θ-0.0631 φ0.0956 β0.1712 
 
Nusselt and Reynolds numbers are based on the length of 
the inclined surface in the flow direction, H1. When using the 
correlations, angles (θ, φ and β) should be entered in radians.  
 
This correlation is applicable for 
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The overall error in using this correlation is ± 7.4 %. 
 
CONCLUSION 
The average heat transfer coefficient was observed to 
increase with decrease in H/D ratio as the amount of potential 
core in contact with the inclined surface decreased with 
increasing distance from the nozzle exit. Each jet created a 
pair of counter rotating vortices in the crosswise direction 
after jet impingement, which result in a better spread of the 
jet. The increase in thickness of the boundary layer upstream 
of the jet impingement point on the inclined surface resulted 
in lesser heat transfer coefficients upstream when compared to 
those near the jet impingement point. Significant portion of 
the incoming fluid moved upward attaching the inclined 
surface, eventually moving downstream, thus causing 
recirculation downstream. The heat transfer in the stagnation 
zone created by jet impingement was found to be the 
maximum. A numerically-based correlation among Nu, Re, Pr, 
(H/D) or θ, φ and β was generated for the purpose of 
predicting heat transfer and accounting for all affecting 
variables. Generally speaking, the maximum average surface 
heat transfer coefficient values were obtained for the lowest 
values of (H/D) i.e. an angle θ = 30° and for φ = 50° and β of 
75°. Also, the maximum average surface heat transfer 
coefficient occurred invariably at β = 75° for all values of θ. 
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